a Fischer-Tropsch synthesis (FTS) is a process which converts syn-gas (H 2 and CO) to synthetic liquid fuels and valuable chemicals. Thermal gasification of biomass represents a convenient route to produce syn-gas from intractable materials particularly those derived from waste that are not cost effective to process for use in biocatalytic or other milder catalytic processes. The development of novel catalysts with high activity and selectivity is desirable as it leads to improved quality and value of FTS products.
Introduction
Mounting concerns over dwindling petroleum oil reserves, in concert with growing governmental and public acceptance of the anthropogenic origin of rising CO 2 emissions and associated climate change, is driving academic and commercial routes to utilise renewable feedstocks as sustainable sources of fuel and chemicals. The quest for such sustainable resources to meet the demands of a rapidly rising global population represents one of this century's grand challenges. 1 Sustainable Catalytic Conversion of renewable substrates derived from biomass offers the most readily implemented, and low cost, solution for transportation fuels, 2 
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Thermochemical conversion of biomass can be performed by gasification, pyrolysis or combustion, 9 with gasification the most widely used commercial route to convert biomass into synthesis gas the major constituents of which are carbon monoxide (CO), hydrogen (H 2 ) and methane (CH 4 ). Thermal gasification of biomass represents a convenient route to produce syngas from intractable materials particularly waste. 10 In 1922 Franz Fischer and Hans Tropsch developed a heterogeneously catalysed process (Fischer-Tropsch synthesis (FTS)) for the transformation of synthesis gas (syngas, CO + H 2 ) into different hydrocarbons fractions (diesel fuels, gasoline, lower olefins, etc.) (Fig. 1) . 11, 12 The motivation for this work was to allow nations with no natural oil reserves to produce liquid fuels for transportation from coal. Liquid fuels are preferred for use in transportation since they have higher energy density than coal but are more easily and safely stored than gas, which has the highest energy density of the three phases.
The commercialisation of FTS began in 1936 in Germany with >1 million tons of FTS liquid produced annually in the 1940s. 13 The first coal-based construction plant was built in Sasolburgh in South Africa in 1952 due to the cheap domestic coal available in this country. 13 With the need for non-fossil derived fuels there is now growing interest in the use of FTSprocesses to convert such (waste) biomass derived syn-gas to liquid hydrocarbons for synthetic fuels or chemical feed-stocks.
The following exothermic reactions take place during FT synthesis, with alkanes and alkenes the desired products: 12 Alkane production: (2n + 1) H 2 + nCO → C n H 2n+2 + nH 2 O (1)
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Alkene production: 2nH 2 + nCO → C n H 2n + nH 2 O
Water-gas shift reactions: CO + H 2 O ↔ CO 2 + H 2
The water-gas shift (WGS) reaction also takes place over most of FT catalysts (reaction (3) ) and provides a means to alter the CO : H 2 distributions. Side reactions such as those producing alcohols and undesired carbonaceous deposits via Boudouard reactions may occur (reactions (4) and (5)).
Alcohols: 2nH 2 + nCO → C n H 2n+2 O + (n − 1)H 2 O
Boudouard reaction: 2CO → C + CO 2
The FTS has been developed to allow the transformation of various feed stocks into liquid products, including gas-toliquid (GTL), coal-to-liquid (CTL) and biomass-to-liquid (BTL) technologies. In addition to natural gas, coal and biomass can be converted to syngas by partial oxidation, steam reforming or gasification processes. Moreover, different hydrocarbons may be directly produced from syngas by developing highly selective FT catalysts. Therefore, FT synthesis is viewed as a valuable process to produce super-clean fuels from syngas derived from non-petroleum resources as shown earlier in Fig. 1 . 12 The FT reaction is a polymerisation process, involving adsorption, chain initiation and chain growth termination. Fig. 2 illustrates the dissociative adsorption of carbon monoxide on metal atoms and carbide species formation. Insertion of adsorbed dissociated hydrogen into this carbide species produces the active CH 2 intermediate which leads to the propagation step. The resulting alkyl chain desorbs from the metal after hydrogenation and β-scission, forming olefins or paraffin. Alternative mechanistic pathways have been proposed, but all of them have involved initiation, propagation and termination steps. 15 The resulting FTS hydrocarbon products follow an arithmetical distribution identified as the Anderson-SchulzFlory (ASF) distribution. Eqn (1) and (2) show that the chain growth probability (α) describes the weight fraction of a single product in FTS which depends on the rates of propagation and termination where Mn/n is the product weight fraction and r p and r t are rate constants of propagation and termination, respectively. 15 Mn/n = (1 − α) 2 α (n−1)
(1)
As can be seen in Fig. 3 , according to the AndersonSchulz-Flory distribution law, more than 50 wt% of the product mixture is C 5 -C 22 hydrocarbons for an α-parameter of 0.7 to 0.875. At higher values of α-parameter the fraction of C 5 -C 22 hydrocarbon products decreases sharply. Low molecular-weight, gaseous products, such as methane, are of This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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lower commercial value than longer chain products. Methane is normally underestimated by the ASF distribution and it decreases to a few wt% at the high alpha values. Therefore to maximise the profitability of the FTS, conditions which favour high α-parameters should be used to optimise the selectivity to the more valuable C 5 -C 22 hydrocarbon products. 14 
Key factors for FTS catalyst design
The design of heterogeneous catalysts with optimum performances for a given process requires a consideration of a combination of chemical, physical and mechanical properties. Anderson et al. has defined a "triangular concept" for catalyst design which has been adapted for FTS by Farrauto and Bartholomew, as illustrated in Fig. 4 . In addition the physic-chemical properties of the active phase, specifically formulation shape, size and crystallinity of the nanoparticles are significant factors for optimisation during catalyst design. 16 
Active phase identification
It has been reported that the activity of FT catalysts are dependent on H 2 adsorption capacity, ability to dissociatively adsorb CO the reducibility of other metal oxide components. Based on literature reviews 14, 17, 18 it shown that transition metals belonging to groups III-VI of the periodic Ru is one of the most active catalysts for FTS operating at low reaction temperature producing long chain hydrocarbons without the need for any promoters. However, it is very expensive and a limited world resource and therefore it is not considered a sustainable option for use in industrial processes. Nickel, while another suggested catalyst for FT process, has a high hydrogenation activity and thus undesired high selectivity to methane production. Therefore, Co and Fe are the deemed to be the best metals for application in industrial scale FTS processes. 19 Fe while economically attractive and highly abundant, has a very low selectivity to paraffins, favouring the production of olefins and oxygen and unfortunately deactivates more quickly than Co based catalysts. 20 Although Co is more expensive than Fe, Co has a good selectivity to paraffins, low selectivity to olefins and oxygen, and is more resistant to deactivation. Therefore, Co is the preferred choice to create long chain paraffins, while Fe is the better selection to produce olefins. To make a more informed selection between Fe and Co, the nature of the carbon feedstock is an essential factor that must be considered. Fe has a high activity for water gas shift (WGS) and hence it is appropriate for hydrogen-poor feed stocks derived from biomass or coal. 20 Fe is thus useful for syngas conversion with lower ratios of H 2 /CO = 0.5-2.5 obtained from biomass or coal, but it is not suitable for conversion of H 2 -rich syngas derived from methane. Consequently, the Fe based catalysts are better for alkene production from syn-gas, BTL and CTL technologies. On the other hand, Co provides better catalytic performance at high H 2 /CO ratios (i.e. 2 and above) and is therefore, a better selection where the carbon feed stock is natural gas. Due to the instability of Fe, more modification is generally required to improve activity and selectivity, with rapid catalyst deactivation still the major challenge for Fe based catalysts. 21 FT processes are usually categorised based on operating conditions; typically high-temperature FT (HTFT) operates at 300-350°C and low-temperature FT (LTFT) operates at 200-240°C. 20, 22 The typical reactors designed for FT processes are fixed bed, slurry bubble column reactor, and circulating and fluidised-bed reactor, 23 with fluidised bed reactors mostly applied for HTFT processes using Fe catalysts to produce C 1 -C 15 hydrocarbon fractions. Slurry-phase and fixed-bed reactors are typically used for LTFT process with both Co and Fe catalysts to produce linear long-chain hydrocarbons (such as paraffins and waxes). Although HTFT processes are mostly used for liquid fuels production, some valuable chemicals, such as gasoline and low molecular weight olefins, can be extracted. Recent developments in FT processes are based on LTFT technologies and involve syngas with a high H 2 /CO ratio-generated by vapour reforming or auto-thermal reforming. In LTFT processes, Fe catalysts produce waxy materials such as paraffins and high molecular mass linear waxes, while Co catalysts provide better catalytic performance for long-chain hydrocarbons synthesis because of their high conversion, stability and high hydrocarbons productivity. Furthermore, periodic mesoporous silicas and carbon supports are considered as the model systems to investigate FT catalyst performance. 26, 27 For the production of hydrocarbons between C 5 and C 12 , which are gasoline-range hydrocarbons (GRHs), further processes are required. Conventional FT-catalysts combined with acidic zeolite catalysts have been advanced as attractive hybrid catalysts for GRHs production. 28 
Nature of Co and Fe nanoparticles in FT-catalysts
The product selectivity and activity FT-catalysts in CO conversion depends not only on the nature of the catalyst but also on the reactor design and operating conditions. Several publications and reviews have studied the effect of the reactor design and operating conditions in FTS. 13, 22, [29] [30] [31] [32] The nature of the exposed facets and size of Co and Fe and associated activity in FTS is expected to be controlled by the nature of the support and promoters. Catalyst activity may be defined in a number of ways for the purpose of comparison: measurement of the turnover frequency (TOF) (or activity per site), conversion per catalyst volume, conversion per gram of catalyst and conversion per surface area. In the case of a supported metallic cobalt catalyst, the number of cobalt surface atoms can be measured by pulse titration of hydrogen or carbon monoxide chemisorption on the reduced catalyst. 33 Identification of the active site in Fe-based catalysts by this method is however complicated by the fact that Fe is often present as a combination of different phases including iron oxide, metallic iron and iron carbides under operating conditions. The active species for iron catalysts remains the subject of debate and is often ill-defined, with some researchers claiming Fe 3 O 4 is the active catalyst, while others claim that it is the carbide phases in FTS. 32, 33 Therefore, TOF values based on total metallic surface Fe are often not reliable for assessing FT-catalyst performance. 33 In contrast TOF values for Co catalysts are simpler to compare, enabling insight into the most active crystal phase can be gleaned. Metallic cobalt exists as different crystal structures, with hcp (α) and fcc (β) unit cells. Crystalline cobalt is stable as a pure fcc unit cell with a diameter <20 nm. 35 In FTS, the Co-hcp catalysts are found to produce much higher CO conversions than Co-fcc catalysts (Fig. 5) . Furthermore, Co-hcp catalysts produce more C 5+ hydrocarbons in comparison with fcc phases. The activity and selectivity of Co/SiO 2 (20 wt% cobalt) catalysts as both hcp and fcc phases are shown in Table 1 . 34 The effect of cobalt particle size in the range of 2.6 to 27 nm has been investigated by Bezemer et al. in FTS. 36 The performance of the FTS catalyst was found to be independent of cobalt particle size for diameters >8 nm. Reducing the average diameter of cobalt particles to <6 nm resulted in decreased FTS activity and selectivity when compared to particles >8 nm.
Bimetallic Fe/Co catalysts
Bimetallic catalysts also show great promise for application in FTS and their use is reviewed by Calderone et al. 37 Most studies of bimetallic catalysts have focused on a combination of conventional FTS transition metals which are Co, Fe, Ru and Ni, with some reports demonstrating an improvement in View Article Online catalyst activity upon combining two metals. [37] [38] [39] [40] [41] Co and Fe are the most commonly used metals in FTS, as previously mentioned, with bimetallic catalysts generally more selective towards to C 6+ hydrocarbons. 37 The order of impregnation of metal over the support is also important, and Arai et al.
reported that FeCo/TiO 2 catalyst in which iron is added to the support first, followed by cobalt has a higher activity in FTS in comparison with pure metal catalysts. 38 In contrast, Duvenhage reported that while CoFe/TiO 2 catalysts had superior performance to monometallic Fe/TiO 2 this was inferior to pure Co/TiO 2 . 42 However, both CoNi/TiO 2 and NiFe/TiO 2 are more active catalysts than pure metal analogues. 37 Likewise, FeCo/silica is reported to have improved CO conversion in comparison with Co/silica, with the former producing mainly C 1 -C 4 hydrocarbons, whereas the latter produces C 5+ hydrocarbons. 43 In bimetallic catalysts, the olefin/paraffin product ratio is generally found to be increased by the addition of metallic Fe, 44 while the addition of Fe to Co increases alcohol production.
44
In industrial-scale FTS reactors, the cost of using vast quantities of Co catalyst is a significant limiting factor. The prohibitive cost of the Co active phase can be alleviated by replacing the bulk of the material, i.e. the core of the catalyst particles, with a cheaper material, such as iron oxide. Calderone et al. prepared FTS catalysts composed of iron oxide cores coated with a shell of metallic cobalt. A range of core/shell ratios were tested, with the resulting FeCo particles supported on nanosized alumina powder at a loading of 20 wt% cobalt. The core-shell catalysts were less active than pure iron catalysts but maintained constant activity throughout the test duration, whereas the pure Fe catalyst rapidly deactivated. A cost analysis of such an approach for a range of metal oxide cores covered by a thin Co shell is shown in Fig. 6 which reveals the potential savings at different core size/particle size ratios using various metal oxide/cobalt combinations. 45 
Deactivation of cobalt catalysts
In order to extend catalyst lifetime, the deactivation mechanism of the FTS catalysts must be understood so that they may be prevented and to allow effective regeneration of the active phase. Due to the relatively high cost of the metal, the deactivation of cobalt is a very important factor in FTS development. 20 The following mechanisms have been proposed for cobalt deactivation: 46, 47 •Oxidation of active metallic Co to inactive CoO X •Poisoning by sulphur and nitrogen present in the synthesis gas feed (especially in the CTL processes)
•Formation of Co-support compounds such as cobalt aluminates and cobalt silicates
•Sintering of Co crystallites leading to reduction of surface area
•Formation of carbon or "coking"
•Carbon-induced reconstruction of surfaces During the last 15 years, the vast majority of the research on Co catalyst deactivation has focused on the mechanism of oxidation as the cause of reduced activity. According to the 133 papers reviewed, around 60% of researches focus on the oxidation issue for cobalt catalyst deactivation because oxidation is the main cobalt catalysts deactivation in FTS (Fig. 7) . 46 These factors will be considered in turn.
Deactivation by oxidation
Oxidation of metallic Co species leads to deactivation of the catalyst and reduced reaction rates during FTS. The formation of cobalt oxide, formed by oxidation of metallic Co with water, is a possible reason for catalyst deactivation during FTS, since water is a by-product of the reaction. 20, 48 In reality, the oxidation of bulk metallic Co bulk Co(II)O is not feasible during FTS, as p (water) relative p (hydrogen) must be >128 at 493 K for bulk oxidation of metallic Co to be thermodynamically feasible (Fig. 8 ). 49 The oxidation of small cobalt crystallites or formation of an oxide shell might be possible under conditions which do not allow the formation of bulk cobalt oxide. Therefore, it can be anticipated that nano-sized crystalline material is less resistant to oxidation than the bulk crystalline materials. 49 The oxidation of nano-sized metallic cobalt to cobalt oxide 
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has been proposed as a major deactivation mechanism in FTS. 48 However, in the recent years research has concluded that the oxidation of bulk or surface metallic cobalt is not a significant deactivation mechanism for supported Co catalysts with an average crystallite size of ≥2 nm in FTS.
46,50
Deactivation by poisoning
The sulphur-compounds present in natural gas and coal act as poisons for FT catalysts. It has been illustrated that the presence of sulphur decreases FT catalyst activity and this decrease is proportional to the concentration of sulphur in the syngas. The CO conversion is found to decrease for Co/Al 2 O 3 with increasing amount of sulphur in the feed (0, 10, 100, 250 and 2000 ppm w ) at conditions 220°C, 20 bar, 2 mol H 2 mol CO −1 ,
. The selectivity of different products (methane, ethylene, C 5+ and olefins) is represented in Fig. 9 . 51 The formation of C 5+ hydrocarbons decreases with increasing sulphur loading and therefore the selectivity of reactions drives towards light hydrocarbons. At low amounts of sulphur (<100 ppm), CO conversion is reduced, while the product distribution (selectivity) is not changed significantly. 51 Cobalt-based catalyst poisoning in FTS by nitrogen-containing compounds such as HCN and NH 3 has been reported to deactivate cobalt catalysts rapidly. 52, 53 However this is reversible as the presence of nitrogen has less of a poisoning effect and can be removing by hydrogen treatment.
51,54
Deactivation by sintering
Cobalt crystallite sintering is another possible cause of catalyst deactivation and was identified as the main cause of deactivation of a Co/SiO 2 FTS catalyst. 55, 56 In addition, extended X-ray absorption fine structure (EXAFS) studies of a 20 wt% Co/Al 2 O 3 catalyst showed a large increase in the degree of Co-Co metal coordination in the used catalysts relative to fresh catalyst. This indicated substantial growth of the metal particles due to sintering which led to catalyst deactivation. The addition of promoters such as Pt and Ru (0.05 wt%) was found to lead to improved activity but made catalysts more prone to deactivation by sintering. 57, 58 Long term lifetime studies of Co FT-catalysts in a slurry bubble column reactor reveal the most severe sintering occurs over the first 20 days which caused the initial deactivation because of loss of active surface area. The degree of sintering slows after 20 days (Fig. 10) . 59 
Deactivation by carbide formation
After prolonged periods of time on stream, cobalt-based FT catalysts the formation of carbides such as Co 2 C or Co 3 C have been reported. Normally, the role of carbides in deactivation of Co catalysts is minor compared to that in Fe FT-catalysts because the rate of carbon diffusion into Co to form carbides is negligible. The possibility of cobalt carbide formation is Furthermore, slow addition of water (8 vol.%) increased the CO conversion and did not cause significant catalyst deactivation as can be seen in Fig. 11 . 61 According to Table 2 , addition of >8 vol.% water to the catalyst caused the catalyst's deactivation. The degree of deactivation increases with increasing partial pressure of water. 55, 61 However, in the recent years, it has been demonstrated that the amount of cobalt aluminates formed on the catalyst is not significant to be a major deactivation pathway under typical FTS conditions (T = 230°C, P = 20 bar). 50 
Deactivation by surface reconstruction
Cobalt catalysts supported on carbon nanofibre can be deactivated due to surface reconstruction. Bezemer et al. reported that a decrease of Co coordination number (Co particle size < 6 nm) led to nanoparticle reconstruction with flattening of the particles and a decrease in the catalyst activity. 36 Schulz et al.
found CO-induced reconstruction is an activation mechanism of bimetallic cobalt FTS catalysts. 62 Strong CO chemisorption leads to segregation of the active metallic surface species and an increase in the number of active sites. Reduction with hydrogen can also be used to regenerate the optimal cobalt surface structure for FTS catalysis. 46 The deactivation mechanisms for cobalt catalysts are summarised in Table 3 .
Deactivation of iron catalysts
Determining the phase and the nature of the active sites of metallic iron catalysts is still a huge challenge in FTS. There is a great deal of speculation about the causes of loss of catalytic activity for metallic Fe catalysts in FTS. Four main deactivation mechanisms have been defined in the literature as follows: 21, 63 •Reoxidation •Poisoning (mainly, sulphur application)
•Sintering •Carbon formation
Deactivation by reoxidation
Catalyst deactivation by reoxidation is mainly caused by the presence of water in FTS. Iron-based FTS catalysts have a much shorter lifetime than cobalt catalysts because cobalt has a lower reoxidation rate than iron. Iron-based catalyst deactivation is mostly caused by high partial pressures of water showed that catalyst deactivation, due to Fe 0 oxidation by water, was greater at the end of a packed bed in a continuous flow FTS reactor. This was attributed to accumulating partial pressure of steam as the feed proceeded through the catalyst bed. Fig. 12 shows the reduced activity of catalyst at the bottom of the packed bed caused by increased water content. 67 It is therefore advised to choose operating conditions for FTS which minimise the partial pressure of water present. In order to reactivate the oxidised iron catalysts, they may be reduced by hydrogen treatment at high temperatures (>350°C). 21 
Deactivation by poisoning
According to the literature, the well-known poisons for iron are electronegative atoms such as oxygen, bromine, chlorine and sulphur with the latter being the strongest poison. 21 Bromfield et al. reported that adding small amounts of Na 2 S (500-5000 ppm) to a precipitated iron catalyst containing a mixture of different iron and iron oxide phases yields a catalyst with activity four times greater than a sulphur-free Fe catalyst (Fig. 13) . Low sulphide loadings increased the olefin/paraffin ratio. However, high sulphide loadings became poisonous to the catalyst resulting in decreased CO conversion. The sulphided iron catalyst compositions and catalytic properties are compared in Table 4 . 
Deactivation by sintering
All the Fe-based catalysts can be deactivated by sintering of the active phase. Sintering is a process by which small crystallites grow due to migration or ripening and coalescence phenomena. The rate of sintering depends on the Tamman temperature of the material and this value is defined as half of bulk melting point. Above this temperature, atoms on the surface of the crystallite become mobile and as a result nanoparticles begin to sinter. 21, 70 For iron, the Tamman temperature is 633°C, which is significantly higher than typical FTS conditions of 200 to 300°C. Sintering is believed to occur due to the heat produced during FTS, which is a strongly exothermic reaction, and thus it is possible through localised hot-spots for the iron catalyst crystallites to be exposed to much higher temperatures compared to the actual FTS reaction temperature. 21, 32 Therefore, for iron it is difficult to verify that reaction induced sintering is a main cause of catalyst deactivation mechanism during FTS. However, Duvenhage et al. reported Fe catalyst deactivation from high partial water pressures in the bottom portion of a fixed bed reactor caused hydrothermal sintering. 
Effect of catalyst promoters
Promoters are additives that improve the catalytic activity and selectivity of heterogeneous catalysts by affecting the structural or electronic properties of the active phase. For FT synthesis, Co and Fe metallic catalysts are normally combined with noble metal, alkali metal or transition metal oxides and ions as promoters to improve their catalytic performance. The addition of chemical promoters is important for the optimisation of active and selective FT catalysts. 24 
Promoter effects on metallic Co catalysts
Noble metals and transition metal oxides are distinctive promoters applied for metallic cobalt catalysts. Tsubaki et al.
72
investigated the effects of various noble metal promoters loaded on 10 wt% Co/SiO 2 , and observed that the rate of hydrogenation of CO increased in ascending order as Co/SiO 2 < Pt-Co/SiO 2 < Pd-Co/SiO 2 < Ru-Co/SiO 2 (H 2 /CO = 2/1, P = 1 MPa, T = 513 K, W/F = 5 g cat h mol −1 ). Interestingly, the addition of even a very small amount of Ru increased the degree of Co reduction and increased the H 2 TOF of surface Co. However, the addition of Pt and Pd increased the degree of cobalt reduction but decreased the TOF. 72 The use of Pt significantly increased the FT reaction rate and CH 4 selectivity, but decreased the C 5+ selectivity. 73 Rhenium is another commonly applied promoter for cobalt catalysts. The addition of Re raised the dispersion of Co supported on TiO 2 by preventing agglomeration of CoO X particles during calcination. 74 Storsaeter et al.
75
demonstrated that Re doping on Co/Al 2 O 3 , Co/TiO 2 and Co/SiO 2 catalysts increased the rate of hydrocarbon production (per gram of catalyst) and promoted selectivity to C 5+ hydrocarbons. In addition to noble metals, some metal oxides are used to promote the structural stability and catalytic performance of metallic Co catalysts in FTS. 20, 74 ZrO 2 is one of the best metal oxide promoters to enhance the CO conversion and C 5+ selectivity of a Co/SiO 2 catalyst. 76 The effects of ZrO 2 promoters on a 20 wt% Co/Al 2 O 3 were studied by Jongsomjit et al. 77 who report ZrO 2 impregnation of γ-Al 2 O 3 improved the reducibility of Co species by preventing the formation of aluminate on Co surface. Increasing the Zr content was found to raise the olefin : paraffin ratio in C 2 -C 17 , and decrease the hydrogenation ability of ZrO 2 -promoted catalysts. 78 Another efficient metal oxide promoter for metallic Co catalysts is manganese oxide. Morales et al. 79 reported that the introduction of 2 wt% Mn into a 7.5 wt% Co/TiO 2 catalyst increased the conversion of CO and the rate of FT reaction. It was also found that the addition of MnO X raised the C 5+ selectivity and decreased the CH 4 selectivity. The key factor in obtaining such promotion was the selection of the optimum preparation method. 80, 81 The olefin to paraffin ratio in C 2 -C 8 products was increased drastically through increasing the content of Mn in Mn-Co/TiO 2 , and hence the addition of MnO X reduced the hydrogenation ability of Co species.
79,82
Promoter effects on metallic Fe catalysts
Fe-based catalysts are distinguished from other FTS catalysts by higher CO conversion, flexibility in FTS operating conditions and increased selectivity to lower olefins. 83 However, the use of promoters is necessary in order to increase the selectivity to desired products in FTS. Alkali metal ions are the most commonly applied promoters in Fe-catalysed FT synthesis. 84 The alkali metal ions promote CO chemisorption and inhibit H 2 chemisorption by affecting the electronic character of iron, which leads to lower rates of FTS, higher molecular weight of products, and greater olefin content. [85] [86] [87] Ngantsoue-Hoc et al. 88 have investigated the effect of alkali metal ions on metallic iron catalyst (at 270°C and 13 bar) in a slurry phase reactor. It was found that the addition of Na + and K + improves the activity of Fe in FTS and also WGS reaction, while Cs + , Rb + and Li + act as catalyst poisons for both FTS and WGS at low conversions of CO. The promoting or poisoning effects of the alkali metals arose from their basicities and their influence on competitive adsorption of CO and olefins. The addition of K + is found to enhance the catalytic performance of Mn-modified Fe catalyst and increased the CO conversion in a fixed-bed reactor. 84 The addition of 1.5 at% K + to an iron-manganese catalyst, increased the selectivity to C 5+ hydrocarbons, decreased CH 4 production and prevented rapid catalyst deactivation. 89 Feyzi et al. 24 found that the use of 6.0 wt% K promoter in a Fe-Mn catalyst provides optimum catalytic performance for synthesis gas conversion to hydrocarbons (especially C 2 -C 4 olefins/C 2 -C 4 alkanes = 1.45) in a fixed-bed reactor (H 2 /CO = 2/1, P = 1 atm, T = 250°C, GHSV = 1200 h −1 ). Moreover, the addition of noble Table 5 summarises the effect of different promoters on Fe-Mn catalytic performance. Based on the given information, it can be concluded that the use of 2 wt (%) K provides the optimum catalytic performance for synthesis gas conversion to light olefins and better olefins selectivity. 24 The effect of different transition metals (Zr, Mn, Cr, Mo, Ta and V) on the catalytic performance of Fe-Cu based catalysts has also been explored, which showed that the utilisation of these transition metals promotes both CO hydrogenation and WGS activity. 93 Further studies suggested that the addition of these transition metal promoters increased the iron dispersion, but did not reduce the BET surface area or reducibility of catalyst. 94 According to the literature review, it has been revealed that most of these promoters function by enhancing the carburisation and reduction of Fe precursor species, but do not affect the overall activity (TOF) of the iron active site in the operating catalyst. There is a tendency for studies to combine various modifiers with different functions to decrease the selectivity to CH 4 and CO 2 and promote the formation of light olefins. Given the multitude of effects such promoters can have it is essential to gain improved insight into the synergistic interactions of such modifiers with Fe-based catalyst if efficient and rational design protocols are to be realised.
Support effects on the catalytic performance of metal catalysts
The choice of support material in FT-catalysts is of paramount importance to: [95] [96] [97] [98] •Optimise the dispersion of the active phase, a high surface area support gives better dispersion and reducibility of the active phases
•Improve the heat and mass transfer in an exothermic or diffusion-limited reaction
•Stabilises the active phases against morphological change and loss of surface area during the reaction
•Sustains the mechanical strength of the catalysts The surface area and pore structure of the support provides significant improvements to catalytic performance as it controls the morphology, dispersion and reducibility of the active phase. 20 In order to produce gasoline-range hydrocarbons (GRHs, C 5 -C 12 hydrocarbons) and improve the octane number, further processing of the products after FTS may be needed, with zeolites the popular support for GRH production. CO conversion is related to the dispersion of metallic Co over the support. The dispersion, and therefore, the average particle size affects chain growth and the selectivity to C 5+ hydrocarbons and is also correlated with the ease of diffusion of materials through the support's pore network. 20 Bartholomew et al. found that decreasing the Co loading on the support (or increasing dispersion) significantly reduces the catalytic activity of cobalt, with a 3 wt% Co/Al 2 O 3~2 0 times less active than 15 wt% Co/Al 2 O 3 . 
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The product selectivity is also a function of Co dispersion and the nature of the support, with higher selectivity to the lighter hydrocarbons and CO 2 productivity observed for catalysts with high dispersion that are less easily reduced. 20, 108 Comparison of the selectivity and activity of Co/γ-Al 2 O 3 to those of Co/ZrO 2 , 115 reveals Al 2 O 3 gives rise to a poorly reducible active phase compared to ZrO 2 . The later was also capable of adsorbing hydrogen via a spillover mechanism due to the strong interaction strength between the support and metal allowing higher CO conversion to be observed a low operation pressure. 115 Bartholomew and Reuel studied the C 5+ hydrocarbons selectivity using a Co catalyst (10 wt% cobalt loading) on different supports (H 2 /CO = 2, T = 225°C and P = 1 atm). 108 The study found that the C 5+ hydrocarbons selectivity increased in the order: Co/MgO < Co/C < Co/A1 2 O 3 < Co/SiO 2 < Co/TiO 2 as shown in Table 6 . 108 Hydrogen chemisorption and temperature programmed reduction (TPR) may be used in order to measure the reducibility of a supported cobalt catalyst. In a study comparing CO conversion over metallic cobalt catalysts with different supports (TiO 2 , SiO 2 and Al 2 O 3 ), Iglesia revealed that, the turnover frequency (TOF) for CO conversion during FTS under operating conditions of pressure and temperature are 20 bar and 200°C was not highly dependent on Co dispersion over the range 0.01-0.12. 74 In a slurry phase reactor, the turn-over frequency of cobalt-based catalysts was reportedly influenced by the cobalt particle size, the average pore size, the degree of cobalt species reduction and potential for re-oxidation by water produced in situ during the FTS reaction. 25 The catalytic performances of 20 wt% Co/SiO 2 (CoS), Co/γ-Al 2 O 3 (CoA) and Co/TiO 2 (CoT) catalysts in slurry phase FTS are shown in Fig. 14.
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The diameter of the catalyst pellet also affects the selectivity and synthesis rate during FTS, with Iglesia et al. reporting that pellet diameters > 0.36 mm lead to increased selectivity to CO 2 and methane. Furthermore, larger pellet sizes (1-3 mm) increased diffusion limitations resulting in reduced rates of reaction.
Catalysts with egg-shell structures formed by having the active Co components located close to the outer surface of the support (SiO 2 pellet, powder, etc.) give improved C 5+ selectivity and FT reaction rates. 117 20 wt% Co/SiO 2 was claimed to be the preferable catalyst as it exhibited the best performance due to the high degree of cobalt species reduction. Co/γ-Al 2 O 3 had the smallest particle size of cobalt and the highest dispersion but had poor reducibility of cobalt View Article Online species due to the strong interaction between the metal and support. Co/TiO 2 catalyst had a larger pore size than alumina and exhibited improved diffusion of FTS products. The CO conversions of these three catalysts are summarised in Table 7 . Co/γ-Al 2 O 3 produces small amounts of oxygenated products and exhibits low C 5+ selectivity due to catalyst deactivation resulting from aggregation of catalyst and oxidation of Co metal particles by the in situ generated water during the FTS reaction. 25 In conclusion, the support effects on the catalytic behaviour in FTS are significant and extremely complicated and warrant more study. It is difficult to compare the effect of supports to each other. The support's pore structure, the pore size distribution, the interaction between the active metal (precursor) and the support and the location of the active metal particles are the most important issues connected with C 5+ selectivity and productivity. These factors are related to the metal's reducibility and the size of the metal particles (morphology). Furthermore, the diffusion of reagents and products can vary for supports composed of the same material but possessing different pore structures.
Mesoporous support materials
MCM-41 and SBA-15 are mesoporous silica supports which are commonly used in FTS catalyst. The strengths of these materials are their narrow well-define pore size distribution, high surface area and controllable acid and base properties. The average pore diameter of these materials is <50 nm. 26, 118 Periodic mesoporous silicas (MCM-41, SBA-15 and SHS) with metallic cobalt are reported as interesting catalysts for FTS exhibiting superior product yields. 109, 110 As can be seen in Table 8 , Jung et al. demonstrated that the use of 0.5 wt% Co/SHS (mesoporous silica, hollow sphere) catalyst in a fixed bed reactor had greater catalytic activity and selectivity towards C 5+ hydrocarbons when compared with other supported catalysts. Generally, the performance of mesoporous silicas with cobalt-based catalysts depends on the particle size of cobalt and the structure of the mesoporous support (pore size distribution and pore diameter). 110 HMS and Al-HMS are ordered mesoporous silicas with hexagonal pore structures produced via neutral templating routes with alkyl amine surfactants. Co/HMS catalysts show superior catalytic activity and C 5+ selectivity than MCM-41 or Al-HMS variants because the Co/HMS catalyst has a shorter channel size and larger mesoporous diameter. 118 Khodakov et al. confirmed that the pore size of periodic mesoporous silicas affected the reaction rate and selectivity of Co catalysts in FTS, with reaction rates in FTS higher for cobalt catalysts with a pore diameter of >3 nm. In addition, larger catalysts pore diameter resulted in higher selectivity towards C 5+ hydrocarbons. 119 Ruthenium has been used as a promoter for cobalt catalysts supported on MCM-41 and SBA-15 in FTS. 120 Addition of ruthenium to silica-supported catalysts with small pore sizes (d p = 3-4 nm) led to an increase in the FTS reaction rate. However, when added to catalysts with large pore size (d p = 5-6 nm), the ruthenium had a reduced effect on the FTS reaction rates. Hong et al. reported that for supports with large pores addition of ruthenium had a diminished effect on the cobalt dispersion and cobalt reducibility.
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Co/SiO 2 exhibited a distinct tendency toward the C 19+ fraction hydrocarbons in FTS. However, the use of HMS as support for Co is suitable for producing diesel fraction hydrocarbons (C 8 to C 21 ) due to HMS pore structure. 121 Although support effects have been widely reported for cobalt-based FTS catalysts, there is a lack of information about iron-based catalysts with mesoporous supports for the FTS in the literature.
Carbon supported catalysts
Recently, carbon supported catalysts with attractive porous structures have received a lot of attention for use in FTS. Nanoporous carbon supports have been defined as "the next generation of mesoporous materials". 122 Porous carbon is an attractive material for use as a catalytic support for FTS because it can be prepared cheaply from a wide variety of low cost precursors, it is chemically stable and biocompatible under non-oxidising conditions, it has high thermal conductivity, has good mechanical stability, easy handling and good electrical 
)
Product selectivity (C-mol%) conductivity. In comparison with mesoporous silica, mesoporous carbon is more resistant to structural collapse in aqueous environments due to hydrolytic effects. 122 Carbon nanofibre (CNFs), carbon nanotubes (CNTs), 123 carbon spheres (CSs) 124 and multi-walled carbon nanotubes (MWCNTs) 125 have all been studied as nanoporous carbon supports in FTS catalysis. While the use of porous carbon catalysts increases the selectivity towards heavier hydrocarbons, these catalysts are prone to deactivation since the catalytic sites sinter after prolonged use (around 125 h and between 318°C and 418°C).
126
CNT supports have a central internal pore structure which distinguishes them from CS, CNF and CMC (carbon micro-coil) supports. The internal and external diameters of CNTs are typically between 5-12 nm and 10-25 nm, respectively. 126, 127 Recently, the majority of research on porous carbon supports has focused on supported metal catalysts on the external surface of CNT. Metallic cobalt catalysts have been supported on CMC, CNT and CNF supports, 128 with the use of inert carbon supports reported to improve the reducibility of cobalt oxide under typical FTS conditions. However, despite claims the deposition of catalytic sites on the interior surface of the nanotubes produces more stable catalysts by minimising sintering, 126 it is surprising the selective deposition of metallic nanoparticles in the nanotubes inner cavity has received little attention. 126 Pt, Ru and Ir have also been shown to be promoters which enhance the catalytic properties of carbon supported cobalt catalysts. 128, 129 Carbon-supported iron catalysts for FTS have received much more attention than cobalt catalyst. Metallic iron supported on carbon can be used as catalyst for FTS in order to produce light olefins. 130 Selectivity to light olefins of up to 60% was observed with iron nanoparticles on carbon nano-fibre supports promoted by sulphur plus sodium.
131
Alkali-earth metals with strong basic properties, such as Ca, Sr and Mg, can be used as promoters to improve the catalytic performance of Fe on carbon support in the FTS process. 130 The location of the iron particles on the support has an effect on the resulting catalytic properties. Chen et al. observed that 10 wt% Fe located on the interior surface of CNTs (CNT-in) had increased activity in FTS than Fe particles on the exterior surface (CNT-out) (Fig. 15) . Also, the C 5+ hydrocarbons selectivity for CNT-in catalyst was twice as high as the CNT-out. 127 The improved activity and selectivity of the CNT-in catalyst was due to changes in the redox properties of the confined Fe and a decreased potential for Fe particle sintering.
Zeolite supported catalysts
Zeolites possess shape selectivity and do not allow the formation of products, transition states or intermediates larger than the size of zeolite's channels or cavities. Therefore, zeolitesupported catalysts lead to formation of lighter hydrocarbons with limited chain growth in FTS. In addition, the zeolite acidity can cause isomerisation, aromatisation and secondary cracking reactions of the primary FT hydrocarbons and contribute to a wider product distribution.
132
It has been reported that Co-based FTS catalysts supported on mesoporous and microporous molecular sieve catalysts have superior activity and C 5+ hydrocarbon selectivity in FTS when the Co metal particles are located inside the channels rather than on the exterior surface. The former materials, with active metal sites located inside the support's pore structure, could provide the essential geometric constraints to control the product distribution. Most of the studies on mesoporous molecular sieves focus on mesoporous silicas (MCM-41 and SBA-15). The majority of the publications involving microporous zeolite materials focused on Faujasite, ZSM-5 and mordenite catalysts. Selection of an appropriate Table 8 Performances of different mesoporous supports in FTS (reaction conditions: cobalt loading of 0.5 wt%, T = 230°C, P = 20 bar, and GHSV = 3000 h Selectivity to methane is reduced and C 5+ selectivity is increased with increasing Si/Al ratio. According to the literature, Co/Na-MCM-22 (Si/Al = 200) produced higher C 5+ selectivity and lower methane selectivity than Co/SiO 2 under the same reaction conditions P = 12.5 bar, T = 280°C and H 2 /CO = 2.
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Zeolites ITQ-2 and ITQ-6 were used as supports to prepare a 20 wt% Co FTS catalyst by Concepción et al. and compared to other zeolite and silica supports. 133 These zeolite catalysts were prepared by delamination of a layered ferrierite and MCM-22 support. The structures of ITQ-2 and ITQ-6 are represented in Fig. 16 . ITQ-2 has narrow sheets of 2.5 nm height with "cups" in a hexagonal array (0.7 × 0.7 nm) with both sides connected into the sheet by a double-6-membered ring (MR) window. The sheets consist of a circular 10-MR channel system with a sinusoidal pattern (Fig. 16a) . The ITQ-6 external surface consists of cups surrounded by 10-MR and therefore it has a smaller diameter than the 12-MR of ITQ-2 (Fig. 16b) . 133 The ITQ-6 layers do not have 10-MR channels. Concepción et al. found that the Co/ITQ-6 was the most active catalyst of those tested, with a higher reaction rate in FTS compared to Co/MCM-41 and Co/SiO 2 respectively (Table 9) . Furthermore, Co/ITQ-6 had a high activity due to a good dispersion and high reducibility of cobalt. The cobalt particle dispersion and reducibility in Co/ITQ-2 and Co/SiO 2 catalysts were approximately equal, as were the reaction rates of FTS. The Co/ITQ-6 and Co/ITQ-2 also had a higher selectivity to C 5+ hydrocarbons than Co/MCM-41 and Co/SiO 2 . This was attributed to a higher concentration of unsaturated Co 0 sites in the delaminated ITQ zeolites, as identified by FTIR characterisation. 133 Other zeolites explored include LTL (Linde Type L) zeolites in the potassic form (K-LTL) which when doped with metallic iron was used as catalyst in FTS under reaction conditions of P = 20 bar, T = 543 K and H 2 /CO = 2 gave CO conversions of 40%. 135 Faujasite zeolites, including X-and Y-type zeolites, with a supercage of diameter 1.3 nm were proposed as potentially useful supports for controlling metal nanoparticle size (<2 nm). However, Tang et al. observed that Co and Fe impregnated Faujasite materials were poor catalysts because reduction of metal particles inside the pores and cages was incomplete at moderate temperatures below 500°C. The reduction of the non-noble metal cations was unsuccessful because of the strong chemical interaction between the anionic zeolite frameworks and the cationic metal-precursor. 136 Bessell reported that, strongly acidic ZSM-5 catalysts are good candidates to produce gasoline products with high octane numbers. 137 Metallic cobalt (10 wt%) on ZSM-5, ZSM-11, ZSM-12
and ZSM-34 supports was tested in a comparative study in order to determine the influence of the zeolite pore structure in the FTS process. As can be seen in Table 10 , the CO conversion (%) of these zeolites are ranked as ZSM-34 < ZSM-5 < ZSM-11 < ZSM-12 in ascending order, while ZSM-34 catalyst has the highest selectivity to gasoline range hydrocarbons. This improved the activity was a result of increasing the pore size of the zeolite supports. The acidic strength and acid site concentration of these zeolites decreased in the order of ZSM-34 > ZSM-5 > ZSM-11 > ZSM-12. As the zeolite acidity decreased, the hydrocarbon products became lighter and less n-alkanes were produced, which indicated selectivity was governed by accessibility of the acid sites within the pore channels rather than simply the overall acidic strength.
138
For ZSM-5 catalysts, the Si/Al ratio plays a significant role in controlling olefin selectivity and activity of FTS catalysts. Kang et al. compared Co/ZSM-5 with different Si/Al ratios for direct production of GRHs and found that ZSM-5 with low a Si/Al ratio of~25 was good catalyst. 139, 140 Highest olefin selectivity in the C 2 -C 4 range and high CO conversion was observed for 20 wt% Fe/ZSM-5 with the ratio of Si/Al = 25 (Table 11) . Furthermore, by increasing the Si/Al ratio, decreases the Fe reducibility and weak acid site density, which was believed to be the cause of the decrease in olefin selectivity and CO conversion. 141 As previously discussed, acidic zeolite supported FT-catalysts can produce high octane, gasoline range hydrocarbons. Another popular class of catalyst receiving much attention are zeolite hybrid catalysts. 142 The in situ upgrading of primary FTS 143 products using zeolite hybrid catalysts is an attractive approach. The zeolite hybrid catalysts consist of a conventional FTS catalyst (SiO 2 , Al 2 O 3 , etc.) combined with an acidic zeolite. Zeolite hybrid catalysts with silica-supported cobalt were successfully used by Martínez et al. for cracking C 13+ long chain hydrocarbons to gasoline-range branched products in FTS under conditions P = 20 bars, T = 250°C and H 2 /CO = 2.
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A range of different support types, including ultrastable Y (USY), HBeta zeolite (HBeta), H mordenite (HMOR) and Zeolite Socony Mobil-5 (HZSM-5) were investigated and it was observed that the selectivity to C 5 -C 8 branched products varied for different support types. The yield of C 5 -C 8 products increased in the following order: USY < HBeta < HMOR < HZSM-5 which is View Article Online represented in Fig. 17 . 142 It is reported that for the zeolite hybrid catalysts, metallic Fe is preferable to metallic Co because the optimum temperature for zeolite operation is around 275°C, while for cobalt catalyst is around 235°C. 143 Therefore, for cobalt catalysts, increasing the temperature of the reaction increases selectivity to undesired methane and CO 2 products. Co is susceptible towards sintering at higher temperatures, however in contrast the optimum temperature for iron catalysts is the same as for the zeolite (275°C) yielding high CO conversion and low methane selectivity. 143 
Conclusions, summary and outlook
The Fischer-Tropsch synthesis (FTS) is used to convert a mixture of carbon monoxide and hydrogen (syngas) derived from gasification of biomass or solid organic matter to valuable hydrocarbons which may be used as fuels and chemicals. Optimisation of the selectivity and activity of the catalysts is a crucial but challenging goal for FTS. In order to produce a wide variety of products, the factors affecting the selectivity and activity of the catalysts must be understood. This review paper has covered the FTS catalyst selectivity and activity in detail including the following components.
Choice of metal
Some metals present desirable activity in the FTS. Transition metals which are in the 3rd, 4th, 5th and 6th group are not suitable catalysts for the FTS. The suitable metal catalysts for the FTS are cobalt, iron, nickel and ruthenium, with the latter being the most active catalyst. Ruthenium is prohibitively expensive for use in industrial processes. Nickel has high activity for hydrogenation and high selectivity for methane formation which is undesirable product in the FTS process. Iron and cobalt are the only two metals which are used in FTS for industrial applications. The iron metal catalyst has low selectivity to long chain paraffins, while it produces a high amount of oxygen for valuable chemicals such as alcohols and aromatics. Iron catalysts are deactivated Table 9 Metallic cobalt catalysts with different supports (reaction conditions: T = 220°C, P = 20 bar, H 2 /CO = 2, GHSV = 13.5 L syngas (g cat h) View Article Online more easily than cobalt catalysts. Furthermore, most of the catalyst deactivation for iron and cobalt is a result of catalyst oxidation. Iron is cheaper than cobalt, while cobalt has a high selectivity to form long chain paraffins and has low selectivity to olefin and oxygenation and is also more resistant to catalyst deactivation. Therefore, in order to form long chain paraffins, cobalt is the preferable catalyst, whereas to produce olefins and valuable chemicals (alcohols, aromatics), iron is the more suitable catalyst.
Promoter
Metallic cobalt and iron catalysts require promoters such as alkali metals, transition metal oxides, metal ions or noble metals to provide better catalytic performance. Alkali metal ions are mainly applied as promoters for iron catalysts in FT synthesis. The addition of K + to Fe-Mn catalysts increases the CO conversion in fixed-bed reactors. Furthermore, the addition of noble metals promotes Fe catalytic performances. The use of metal transition oxides (Zr, Mn, Cr, Mo, Ta and V oxides) for the iron catalyst can improve CO hydrogenation and WGS reaction. Noble metals and transition metal oxides are distinctive promoters applied for Co-based catalysts. Additional of a small amount of Ru increases the Co reducibility significantly. The addition of Pt promoter to cobalt catalyst increases the FT reaction rate, while decreasing the C 5+ selectivity. Rhenium is another desirable promoter for cobalt catalysts which improves the selectivity to C 5+ hydrocarbons. Addition of ZrO 2 and MnO X to cobalt catalysts improves the CO conversion and the selectivity of C 5+ hydrocarbons.
Support
The choice of catalyst support is an important factor for product selectivity in the FTS because it enhances the metal dispersion, reducibility, stability, mechanical strength and facilitates heat and mass transfer. Conventional supports for producing C 5+ hydrocarbons over cobalt-based catalysts are ZrO 2 , Al 2 O 3 , SiO 2 and TiO 2 . The CO hydrogenation activity of these supports in descending order is Co/TiO 2 > Co/SiO 2 > Co/Al 2 O 3 . In pellet-form supports, a pellet diameter of more than 0.36 mm increases both methane and CO 2 selectivities. In metallic cobalt catalysts, if the CO/H 2 ratio decreases then C 5+ selectivity decreases and lower olefins are produces. Egg-shell catalyst, in which the active cobalt particle is located near the outer surface of the pellet, enhances the FTS reaction rate and C 5+ hydrocarbon selectivity. In addition, egg-shell Co/SiO 2 catalyst yields the maximum C 5+ selectivity in comparison with other conventional supports. Periodic mesoporous silicas supports such as MCM-41, SBA-15, MCM-22 and SHS affect the catalytic performance in the FTS. Mesoporous supports with iron and cobalt metal can produce higher CO conversion and C 5+ hydrocarbon selectivity than conventional supports such as SiO 2 and Al 2 O 3 . Cobalt supported upon mesoporous materials shows good catalytic performance in FTS. Hexagonal mesoporous silica (HMS) has been compared with MCM-41 and the Co/HMS has superior catalytic activity and C 5+ hydrocarbon selectivity. There are reports in the literature on the utilisation of mesoporous supports for metallic iron catalysts in the FTS.
Furthermore, nano-structured carbon supports such as carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon spheres (CSs) and multi-walled carbon nanotubes (MWCNTs) have been used for the FTS process. In comparison with mesoporous silica, mesoporous carbon is more resistant to changes of the support structure in aqueous environments. Iron and cobalt metal catalysts can be placed inside the CNT channel (Fe or Co/CNTs-in) as well as on the exterior surface of the CNT support (Co/CNTs-out). It has been observed that if the metal catalyst is located inside the pores then heavier hydrocarbon selectivity is achieved. Amongst CNF, CNT, CMC and CS as carbon nanoporous supports, the CNT supports have the highest selectivity to C 5+ hydrocarbons. In order to produce light olefins, Fe supported on carbonaceous materials can be used. Iron metal situated inside CNTs support, has higher C 5+ hydrocarbons selectivity than when supported on the exterior surface of the CNTs.
Finally, zeolite supported catalysts have received much attention for production of gasoline range hydrocarbons. The shapes of the zeolite's cages do not allow the formation of hydrocarbons with sizes larger than the size of the channel and, therefore, it can be used to crack heavier hydrocarbons to gasoline range hydrocarbons. It has been found that Fe metal catalyst supported on Faujasite zeolite has significant C 5+ hydrocarbons selectivity. The Fe/ZSM-5 catalyst with Si/Al ratio of 25 has higher CO conversion and light olefin selectivity. Additionally, the Co-based ZSM catalysts with Si/Al ratio of 25 lead to better production of gasoline range hydrocarbons compared to those of higher Si/Al ratio. Zeolite hybrid catalysts, which are zeolites coupled with conventional supported catalyst (Co/SiO 2 , Fe/Al 2 O 3 , etc.) are promising FTS catalysts. Co zeolite hybrid catalysts are inferior to Fe zeolite hybrid catalysts in terms of CO conversion and hydrocarbon selectivity. Further work is predicted to focus on the modification of bifunctional FT catalysts with customised product activity and selectivity which can be used for industrial applications. 
